Gustducin, a transducin-like guanine nucleotide-binding regulatory protein (G protein), and transducin are expressed in taste receptor cells where they are thought to mediate taste transduction. Gustducin and transducin are activated in the presence of bovine taste membranes by several compounds that humans perceive to be bitter. We have monitored this activation with an in vitro assay to identify compounds that inhibited taste receptor activation of transducin by bitter tastants: AMP and chemically related compounds inhibited in vitro responses to several bitter compounds (e.g., denatonium, quinine, strychnine, and atropine). AMP also inhibited behavioral and electrophysiological responses of mice to bitter tastants, but not to NaCl, HCl, or sucrose. GMP, although chemically similar to AMP, inhibited neither the bitter-responsive taste receptor activation of transducin nor the gustatory responses of mice to bitter compounds. AMP and certain related compounds may bind to bitter-responsive taste receptors or interfere with receptor-G protein coupling to serve as naturally occurring taste modifiers.
The taste of quinine and denatonium benzoate (perceived by humans as intensely bitter) is thought to be transduced via seven transmembrane-helix receptors coupled to heterotrimeric guanine nucleotide-binding proteins (G proteins) (reviewed in refs. 1 and 2). Gustducin, a transducin-like G protein, and transducin itself are expressed in taste receptor cells (3, 4) . Gustducin-null mice and transgenic mice expressing a mutated form of gustducin that disrupts signal transduction have dramatically diminished responsiveness to compounds that humans characterize as bitter or sweet, implicating gustducin in the transduction of these taste qualities (refs. 5, 6 ; L. Ruiz-Avila, G. T. Wong, and R.F.M., unpublished observations). Gustducin and transducin can be activated in vitro by several bitter tastants in the presence of apparent taste receptor activities present in taste receptor cell membranes (4, 6) . We reasoned that this in vitro assay could be used to identify compounds that would function in vivo as bitter antagonists and flavor modifiers. In the present work, we describe our initial results using this assay to identify such compounds.
MATERIALS AND METHODS
G Protein Activation Assays. Bovine (Bos primigenius) tongues were collected fresh from a local slaughterhouse and transported on ice to the laboratory. Circumvallate papillae were hand dissected, frozen in liquid nitrogen, and stored at Ϫ80°C until use. The collected taste tissues were homogenized, particulates removed by centrifugation, and enriched taste cell membranes collected as described (6) . The pelleted membranes were rinsed twice, resuspended in homogenization buffer lacking protease inhibitors, and further homogenized by 20 passages through a 25-gauge needle. Aliquots were either flash frozen or stored on ice until use. The concentration of protein in the membrane preparations was determined by the Peterson modification of the micro-Lowry method (7) . Activation of transducin was based on the published trypsin sensitivity procedure (6, 8) . After the trypsin digestion, samples were diluted with Laemmli buffer (9) and separated by SDS͞PAGE by using a 4-20% gel and Tris-glycine buffer. The separated polypeptides were transferred by electro-blotter to a poly(vinylidene difluoride) membrane, which was blocked by the addition of 5% BLOTTO [50 mM Tris⅐HCl, pH 7.4͞100 mM NaCl͞5% nonfat dry milk], (30 min), then transducin peptides were visualized by binding of transducin antiserum and horseradish peroxidase-labeled goat anti-rabbit secondary antibody, followed by developing with bicinchoninic acid staining reagents from Bio-Rad and exposure to x-ray film.
All bitter tastant and buffer chemicals were of the highest purity available and were purchased either from Sigma or Boehringer Mannheim, unless otherwise noted. Rhodopsin was purified in the light as 6 M urea-washed bovine rod outer segments by using published procedures (10) . Bovine transducin heterotrimer was purified by standard procedures (11) . The rabbit polyclonal antitransducin antibody was a kind gift of Mel Simon and John Watson (California Institute of Technology, Pasadena, CA).
Behavioral Assays. Multiple sets of male C57BL͞6J mice from the Jackson Laboratory were tested. Each set (n ϭ 10) was tested with tastant Ϯ AMP or GMP. Between tests, mice were provided with acidified water (pH 4.5) for about 2 wk. Tested mice ranged in age from 8 to 20 wk. Mice were individually housed, provided with food ad libitum (Pico Lab Mouse Diet 20 no. 5058; PMI Feeds, St. Louis, MO) and presented with distilled water in two sipper bottles for 48 h before testing. During each 48-h test period, a given concentration of tastant was provided in one sipper bottle, whereas the other had distilled water. After 24 h, volumes consumed were recorded, the bottles refilled, and positions reversed (to control for positional cues). Tastants were presented in ascending concentration. Preference ratios were calculated as the fraction of tastant consumed as a percentage of the total volume of liquid consumed. Mean preference ratios and Student's t tests were calculated from total collected data.
Nerve Recording. Glossopharyngeal nerve responses were recorded from male C57BL͞6J mice as previously described (12) . Each mouse was anesthetized with intraperitoneal injection of sodium pentobarbital (40-50 mg͞kg) and maintained at a surgical level of anesthesia with supplemental injections of the drug. The trachea was cannulated, and the mouse was then fixed in the supine position with a head holder to allow
The publication costs of this article were defrayed in part by page charge payment. This article must therefore be hereby marked ''advertisement'' in accordance with 18 U.S.C. §1734 solely to indicate this fact. dissection of the glossopharyngeal nerve. The hypoglossal nerve was transected bilaterally to prevent inadvertent tongue movements. The right glossopharyngeal nerve was exposed by removal of the digastric muscle and posterior horn of the hyoid bone. The glossopharyngeal nerve was then dissected free from underlying tissues and cut near its entrance to the posterior foramen lacerum. The entire nerve was placed on a silver wire electrode for whole nerve recording. An indifferent electrode was positioned nearby in the wound. Neural responses resulting from topical application of tastants to the tongue were fed into an amplifier and displayed on an oscilloscope screen. Whole nerve responses were integrated by using an RMS-DC converter (Hendrick, Tallahassee, FL) with a time constant of 0.5 s. For chemical stimulation of the circumvallate and foliate papillae, an incision was made on each side of the animal's face from the corner of the mouth to just above the angle of the jaw, the papillae were exposed, and their trenches opened via slight tension applied through a small suture sewn in the tip of the tongue. Tastant solutions were delivered to the tongue by gravity flow, and flowed over the tongue for a controlled period. The stability of each preparation was monitored by the periodic application of 0.1 M NH 4 Cl. A recording was considered to be stable when the 0.1 M NH 4 Cl response magnitudes at the beginning and end of each stimulation series deviated by no more than 15%. Only responses from stable recordings were used in the data analysis. In the analysis of whole nerve responses, the magnitudes of the integrated response at 20, 25, 30, 35, and 40 s after stimulus onset were measured and averaged to generate tonic responses: the tonic response represents the sustained nerve response to continuous tastant stimulation of taste receptor cells. The relative tonic response for each stimulus was obtained by normalization to the response from 0.1 M NH 4 Cl (the tonic response of NH 4 Cl was defined as 1.0). Student's t test was used for statistical analysis.
RESULTS
The active (GTP-bound) form of G proteins such as gustducin and transducin can be distinguished from the inactive (GDPbound) form by limited trypsin digestion (13, 14) . Using transducin as a reporter in this in vitro assay, we identified compounds that inhibited gustatory responses to bitter compounds. Taste membrane activation of transducin by the bitter compounds denatonium benzoate (DEN) and quinine hydrochloride (QUI) was inhibited in a dose-dependent fashion by AMP ( Fig. 1 a and b) . The inhibitory effect of AMP generalized to every bitter compound that activated transducin in the presence of taste membranes: DEN, QUI, strychnine, nicotine, atropine (Fig. 1c) , sparteine, naringin, caffeic acid, and quinacrine (data not shown). The inhibitory effect of AMP was specific and required taste receptors, because AMP did not inhibit rhodopsin-mediated activation of transducin (Fig.  1d) . GMP did not inhibit taste membrane activation of transducin in response to DEN (Fig. 1e) or other bitter tastants (data not shown), suggesting specificity of binding. Several AMP-related compounds potently inhibited DEN͞taste receptor activation of transducin: thymidine 5Ј-monophosphate, ADP, 3ЈAMP, adenosine 5Ј-succinate, ATP (Fig. 2) , and adenosine 2Ј-monophosphate (data not shown). 5Ј-Cytidylic acid, and inosinic acid partially inhibited DEN͞taste membrane activation of transducin (Fig. 2) . As with GMP (Fig. 1e) , adenosine 5Ј-carboxylate, adenosine 5Ј-monosulfate, theophylline, adenine, adenosine, cAMP, and caffeine did not block activation of transducin by DEN-stimulated taste membranes (Fig. 2) .
To determine whether AMP, as distinct from GMP, would diminish the gustatory responses to bitter compounds, twobottle preference tests (15) were carried out on mice presented with various tastants Ϯ AMP or GMP. AMP, but not GMP, inhibited the aversive responses of mice to DEN (Fig. 3a) and QUI (Fig. 3b) . The inhibitory effect of AMP gradually decreased as the concentration of bitter tastant increased and was eliminated at the highest concentrations of DEN and QUI tested (5.0 and 1.0 mM, respectively) ( Fig. 3 a and b) . Several other tastants that humans characterize as bitter [sparteine and (Ϫ)-epicatechin (16)], sweet [sucrose and the high-potency artificial sweetener SC45647 (17)], sour (HCl), or salty (NaCl) were also tested Ϯ AMP. AMP inhibited the aversive responses to the two bitter compounds, sparteine and epicatechin, but did not affect the behavioral responses to sucrose, SC45647, NaCl, or HCl (Fig. 3c) .
To determine whether the inhibition of aversive responses to bitter compounds by AMP was because of peripheral taste inhibition (as predicted by the biochemical data of Figs. 1 and  2) we recorded summated glossopharyngeal nerve responses of mice (12) to various tastants Ϯ AMP or GMP. The glossopharyngeal nerve innervates taste receptor cells of the posterior tongue and in mice is responsive to salty, sweet, sour, and bitter stimuli (18) . AMP (0.1 mM) significantly inhibited the nerve responses to DEN, QUI, sparteine, strychnine, and atropine ( Fig. 4 a and b) . GMP (0.1 mM) had no effect on the glossopharyngeal responses to any of these bitter compounds ( Fig. 4a and data not shown) . The glossopharyngeal responses increased as QUI or DEN concentrations were raised: AMP (0.1 and 1.0 mM) significantly inhibited these nerve responses (Fig. 4 b-d) . In contrast, AMP did not affect the nerve responses to NH 4 Cl, HCl, NaCl, or sucrose (Fig. 4e) , consistent with the behavioral responses. Interestingly, although AMP inhibited slightly the glossopharyngeal responses to the artificial sweetener SC45647 (Fig. 4e) , it did not diminish the behavioral responses to this compound (Fig. 3c) .
DISCUSSION
AMP and closely related compounds inhibited in vitro activation of transducin by taste membranes plus DEN, QUI, and several other bitter compounds. This effect was specific to the bitter-responsive heptahelical receptors presumably present in taste membranes and was not caused by nonspecific or general activation of rhodopsin-like receptors. AMP and like compounds also blocked behavioral and gustatory nerve responses to DEN, QUI, and other bitter compounds, but did not affect responses to NaCl, HCl, or sucrose. AMP did diminish glossopharyngeal responses to the high-potency sweetener SC45647, although it did not affect behavioral responses to this compound. AMP, ADP, ATP, thymidine 5Ј-monophosphate, 5Ј-cytidylic acid, and inosinic acid all inhibited in vitro taste receptor responses, whereas GMP did not, indicating selectivity in the binding of these compounds; more refined structureactivity relationship analysis may aid in determining the basis for these differences and the structure of the target's binding pocket. The rapidity of AMP's actions in the electrophysiological assays argues against an intracellular site of action and suggests that AMP is probably acting at a cell-surface receptor. However, the present data do not distinguish between competitive or noncompetitive modes of action of AMP at the receptor.
High concentrations of DEN, QUI, and other bitter tastants overcame AMP's inhibition of aversive responses, suggesting either that AMP is acting as a competitive inhibitor or that the bitter tastants activated other AMP-resistant bitter transduction pathways in addition to gustducin͞transducin-mediated pathways, consistent with residual responsiveness to bitter compounds in gustducin knockout and transgenic mice expressing a mutated form of gustducin that disrupts signal transduction (refs. 5 and 6; L. Ruiz-Avila, G. T. Wong, and R.F.M., unpublished observations). The existence of multiple bitter transduction pathways is also supported by the observation that inhibition by AMP of glossopharyngeal responses to increasing concentrations of QUI reached a plateau at which glossopharyngeal responses to QUI could not be reduced further.
In recent studies (D.M. and R.F.M., unpublished work), we have determined that certain artificial sweeteners inhibit in vitro activation of taste receptors by DEN, QUI, and other bitter compounds; these sweeteners also inhibited behavioral and gustatory nerve responses to these gustducin͞ transducin coupled bitter compounds. This phenomenon of sweet-bitter ''mixture suppression'' (19, 20) may be explained in part by antagonistic binding of sweeteners to the same receptor targets that bind bitter compounds and may Multiple lines of evidence implicate gustducin͞transducin, their coupled receptors, and effector enzymes (e.g., phosphodiesterases and phospholipase C) in bitter transduction (reviewed in refs. 1 and 2) . In addition to gustducin and transducin, the G proteins G s , G i3 , and G 14 are also present in taste receptor cells (1, 3) and may be involved in taste transduction. Biochemical and electrophysiological studies implicate cyclic nucleotides, inositol trisphosphate, diacyl glycerol, and Ca 2ϩ as second messengers in bitter and͞or sweet taste transduction (24) (25) (26) (27) (28) . Biochemical and genetic data clearly implicate gustducin in the transduction of both bitter and sweet taste qualities: (i) gustducin null mice have markedly diminished behavioral and gustatory nerve responses to both bitter and sweet compounds (5); (ii) a mutated form of gustducin disrupted in its interactions with receptors acts as a dominant negative to block both bitter and sweet responsiveness in vivo (L. Ruiz-Avila, G. T. Wong, and R.F.M., unpublished observations); (iii) in vitro studies demonstrate that bovine taste receptor-containing membranes and solubilized taste receptors activate gustducin͞transducin in the presence of DEN, QUI, and several other bitter compounds (6); (iv) although sweet compounds do not activate gustducin͞ transducin in this assay, our recent data (D.M. and R.F.M., unpublished work) demonstrate that certain sweeteners block in vitro activation of gustducin͞transducin and thereby lead to sweet-bitter ''mixture suppression.'' Although biochemical and genetic studies of taste G proteins have provided new insights into the molecular nature of the sweet and bitter transduction cascades, physical studies of the taste receptors involved in bitter and sweet transduction (29, 30) have been of limited utility because of the scarcity of material and the lack of high-affinity ligands. Typical naturally occurring bitter and sweet tastants are active in the range of 10-500 mM, whereas the most potent sweet or bitter tastants have thresholds for detection of 10-100 nM. The likelihood of receptor families and multiple independent pathways further compounds the difficulties of characterizing taste receptors. Structure-activity relationship analyses of high-potency sweeteners have led to working models of the physical nature of the receptor's binding pocket (reviewed in refs. 31, 32); however, these approaches are severely limited by the possibility of receptor heterogeneity and multiple independent pathways for sweetener function. The approach we have presented may have utility for identifying specific subtypes of bitter receptors and naturally occurring and synthetic compounds that act as selective blockers of bitter taste.
